Introduction
Hurricane Matthew brought heavy rainfall to parts of the Southeastern United States, including North Carolina, during October 7-9, 2016. The heavy rainfall resulted in major flooding in central and eastern North Carolina. Rainfall totals of 3 inches to more than 15 inches were widespread throughout the area ( fig. 1 ; Southeast Regional Climate Center, 2016).
Characterization of Peak Streamflows and Flood Inundation at Selected Areas in North Carolina Following Hurricane Matthew, October 2016
By Jonathan W. Musser, Kara M. Watson, and Anthony J. Gotvald By the end of October, flooding from the passage of Hurricane Matthew had resulted in 28 fatalities in North Carolina, of which 17 were associated with vehicles that were swept off flooded roadways (Stradling, 2016) . At the height of the event more than 600 roads had to be closed in North Carolina, including portions of Interstates 40 and 95. More than 2,100 road repairs were required to fix shoulder washouts and damages to drainage structures such as pipes, reinforced concrete box culverts, and bridges (Matthew Lauffer, N.C. Department of Transportation, written commun., November 30, 2016) . The N.C. Department of Public Safety's Floodplain Mapping Program reported that nearly 99,000 structures across the State were affected by floodwaters. Emergency management officials have estimated damage in North Carolina from the storm at approximately $1.5 billion, not including damage to the State infrastructure or the agriculture industry (Nicholas Petro, National Oceanic and Atmospheric Administration, National Weather Service, written commun., November 9, 2016). On the basis of historical information compiled by the State Climate Office of North Carolina, Hurricane Matthew was the fourth costliest and fifth deadliest tropical cyclone on record in North Carolina (State Climate Office of North Carolina, 2015). In the aftermath of the October 2016 flooding, the U.S. Geological Survey (USGS) and the Federal Emergency Management Agency (FEMA) initiated a cooperative study to map the extent of flooding in seven communities in North Carolina, evaluate the magnitude of the flood, and determine the exceedance probability for 24 streamgages located in and around these communities.
Purpose and Scope
The purpose of this report is to document the collection, processing, and presentation of data by the USGS in support of FEMA response-and-recovery operations following the October 2016 flood event throughout central and eastern North Carolina from rainfall associated with Hurricane Matthew. The technical scope of the report includes (1) description of the atmospheric conditions, the temporal and spatial patterns of rainfall that triggered the flooding, and a narrative of the flood and its effects, (2) analysis of peak-flow magnitudes and the statistical exceedance probabilities at selected locations, (3) the identification and surveying of high-water marks (HWM), and (4) the geographic information system (GIS) analysis of HWM locations and elevations to produce flood-inundation maps (areal extent and depth of flooding) for seven heavily flooded communities in North Carolina.
Study Area
The study area description is extracted from a previously published companion report "Preliminary Peak Stage and Streamflow Data at Selected Streamgaging Stations in North Carolina and South Carolina for Flooding Following Hurricane Matthew, October 2016" (Weaver and others, 2016) . North Carolina is located on the South Atlantic slope adjacent to the Atlantic Ocean and is generally divided into three major physiographic provinces: Blue Ridge, Piedmont, and Coastal Plain (Cooke, 1936;  fig. 2 ). The communities and streamgages discussed in this report are all located in the Piedmont or Coastal Plain Provinces.
The Piedmont Province is characterized by rolling hills, elongated ridges, and moderately deep to shallow valleys. Piedmont land-surface elevations range from about 1,000 feet (ft) above sea level at the Blue Ridge foothills to about 300-400 ft above sea level at the Fall Line, which is the name given to the boundary between the Piedmont and Coastal Plain regions ( fig. 2) .
The Coastal Plain Province in North Carolina comprises about one-third of the State's total area and is overlain by a sedimentary wedge that thickens from a featheredge at the Fall Line to more than 10,000 ft at Cape Hatteras at the Outer Banks (Giese and Mason, 1993; Winner and Coble, 1996) . At the Fall Line, a narrow, hilly subregion of the Coastal Plain, known as the Sand Hills, provides a transition zone between the Piedmont and Coastal Plain. The Sand Hills region is about 30 to 40 miles (mi) wide, with elevations ranging from about 200 to more than 500 ft. The lower part of the Coastal Plain consists of low-elevation, flat plains with many swamps, marshes, dunes, barrier islands, and beaches, which typically are lower, flatter, and more poorly drained than the upper part of the Coastal Plain (Omernik, 1987) .
In North Carolina, precipitation is primarily delivered by storms that move inland from the Gulf of Mexico, the Caribbean Sea, and the Atlantic Ocean (U.S. Geological Survey, 1985) . Additionally, local and upwind land surfaces, as well as lakes and reservoirs, provide moisture to the atmosphere by evaporation. In a normal year, monthly precipitation is highest in the winter, reaching a maximum in early March and then decreasing sharply in April and May. Fall is typically a dry season except in rare instances when tropical storms or hurricanes occur.
The average annual precipitation in the Piedmont ranges from about 40 inches in the west to about 50 inches in the east in the vicinity of the Fall Line (State Climate Office of North Carolina, 2016). Average annual precipitation in the Coastal Plain generally ranges from 50 to 55 inches, with higher values near 60 inches where tropical storms have affected parts of the southern coastal region of North Carolina. (Weaver and others, 2016) . The cumulative total rainfall estimate for the area ranged from 4.1 to 14.7 inches in the Neuse River Basin, from 4.6 to 16.1 inches in the Lumber River Basin, from 4.4 to 13.2 inches in the Tar River Basin, and from 6.9 to 13.8 inches in the Rockfish Creek Basin ( fig. 3 ; National Weather Service, 2017). For a more detailed discussion about the weather conditions, see Weaver and others (2016) .
Methods Used
The methods used to identify, document, and reference the HWMs resulting from flooding as well as the methods used to create flood-inundation maps using these HWMs are discussed in this section. Also discussed are the methods by which the estimation of flood magnitude and frequency were developed through analysis of the annual peak streamflows at 24 USGS streamgages, 3 of which are located within the areas of the flood-inundation maps. All streamflow data used in support of this report can be accessed from the USGS National Water Information System (U.S. Geological Survey, 2017b).
Collection of High-Water Mark Data
High-water marks are the evidence of the highest water levels during a flood and provide valuable data for understanding flood events. The USGS followed the guidance provided by Koenig and others (2016) for identification and documentation of HWMs. The best HWMs are formed from small seeds or floating debris that are carried by floodwaters and that adhere to smooth surfaces or are lodged in tree bark to form a distinct line. Stain lines on buildings, fences, and other structures also provide excellent marks. High-water marks are best identified immediately following the peak stage of a flood event, because time and weather (wind, rain, sun) may blow, wash, or fade away the evidence of the peak water line. Care was taken to identify HWMs as far from the main channel as feasible, where velocities generally are slow and where wave action and pileup or drawdown effects of fast-moving waters are best avoided. Information about the HWMs identified by the USGS for this flood event was made available to the public through the USGS Short-Term Network (STN; U.S. Geological Survey, 2016), which is an online interface created to facilitate the timely dissemination of field data. Additional information, including a download portal for HWM information, is available from the USGS Hurricane Matthew web page at https://water.usgs.gov/floods/ events/2016/matthew/ (U.S. Geological Survey, 2017a).
Identification of HWMs, by the USGS, began on October 9 and continued through October 24, 2016. After an acceptable HWM was found, a more permanent identification mark was established, such as a Parker-Kalon (PK) nail, disk, stake, chiseled mark, or paint line; if possible, the identification marks were accompanied by orange flagging. Written descriptions, sketches, photographs, and Global Positioning System (GPS) horizontal measurements obtained with a hand-held GPS unit were made, so the marks could easily be found later, and surveyed to the standard vertical datum, North American Vertical Datum of 1988 (NAVD 88). The USGS field crews identified 267 HWMs in North Carolina with a depth above land-surface measurement made in feet, and 254 of these HWMs were surveyed for elevation above NAVD 88. North Carolina Emergency Management (NCEM) also identified and surveyed 353 HWMs. Information about these HWMs can be obtained by contacting NCEM directly.
During the mapping process, the HWMs used to create flood-inundation maps were checked for location and elevation accuracy by comparing field note diagrams and descriptions to aerial photography and detailed street and parcel maps. If the location could not be determined accurately or the elevation was substantially different from other HWMs in the area, the HWM was not used. Also, some HWMs were not used because they were the result of localized flooding of small areas and did not represent the water-surface elevation of the surrounding area. 1.00 to 3.00 3.01 to 5.00 5.01 to 7.00 7.01 to 9.00 9.01 to 11.00 11.01 to 13. 
Flood-Inundation Mapping
Flood-inundation maps were created using a GIS for seven communities near affected rivers in central and eastern North Carolina (fig. 2) . The flood-inundation maps were used to estimate the aerial extent and depth of flooding that correspond to the HWMs identified and surveyed by USGS and NCEM hydrographers following the flood event. Table 1 lists the community, county, waterbodies, reach lengths, and number of HWMs used to generate the flood-inundation maps. The first step in the generation of the flood-inundation maps was the creation of a flood-elevation raster surface. Flood extent and depth surfaces were created independently for each community, using the HWM elevations, cross sections across the direction of flow at the HWMs and streamgages, and a GIS interpolation technique-the ArcGIS "Topo-to-Raster" tool (http://pro.arcgis.com/en/pro-app/tool-reference/3d-analyst/ how-topo-to-raster-works.htm, accessed January 2015) as described by Musser and others (2016) . In one case, a constant flood-elevation surface was used on a lake which only had one HWM. A geographic limit was placed on the extent of the generated surface on the basis of the distribution of HWMs and an understanding of the natural hydrologic flow in the area of each community.
The flood-elevation surface that was created by using GIS interpolation was then combined with a 3.125-ft cell size digital elevation model (DEM). The DEM was derived from light detection and ranging (lidar) data with an 18.2-centimeter vertical root-mean-square-error and a 0.07-meter or better nominal point spacing (North Carolina Floodplain Mapping Program, 2016 ). An inundated area was depicted where the flood-elevation surface was higher than the DEM land surface. The depth of flooding was determined as the difference between the flood-elevation surface and the DEM land surface. Because of the large number of bridges in the mapped reaches, the inundation surfaces were not clipped to show any bridges that were not inundated.
Uncertainties in the mapped extent and depth of flooding exist within the maps because of the mapping methods used and the number and spatial distribution of HWMs in a given mapped reach. Hydraulic models were not used to determine the extent or depth of flood inundation. The flood-elevation surfaces were all created using interpolation between cross sections drawn through the best available HWM elevations rather than hydraulic models. Changes in land-surface features in flood plains, timing of the flooding that may differ between the smaller inflow tributaries and the larger main stem tributaries, and the intermingling of flows from adjacent streams In locations where HWMs are spaced farther apart, there is a greater possibility of decreased accuracy of spatial interpretation of the extent and depth of flood inundation. Within a given mapped area, some extrapolation was performed beyond the most upstream and downstream HWMs. In many cases, the boundary was extended to some anthropogenic structure, such as a road or bridge crossing.
Flood Exceedance Probabilities of Peak Streamflows
Information commonly needed by emergency managers and water resources engineers immediately after a major flood includes the expected frequency of peak discharges for the flow magnitudes observed during the event. Flood-frequency analyses for streamgages with sufficient record can provide insight into the occurrence or likelihood of peak discharges of varying magnitudes. The annual exceedance probability (AEP) for a particular streamflow is the probability of that streamflow being equaled or exceeded in any given year. For example, an AEP of 0.01 means there is a 1 percent (AEP ×100) chance of that flow magnitude being equaled or exceeded in any given year. Stated another way, the odds are 1 in 100 that the indicated flow will be equaled or exceeded in any given year. The traditional concept of recurrence interval is directly related to the AEP. By definition, the recurrence interval (in years) is equal to one divided by the AEP. For example, the AEP of 0.01 (or 1 percent) corresponds to the 100-year flood. Table 2 lists the recurrence intervals for commonly used flood exceedance probabilities and the associated AEP, in percent.
Updated at-site flood-frequency discharges for selected AEPs (50, 20, 10, 4, 2, 1, 0.5, and 0.2 percent) were computed for USGS streamgages in the areas where flood-inundation maps were created, using the computer program PEAKFQ, version 7.2 (Flynn and others, 2006; Veilleux and others, 2014) . The PEAKFQ program is based on guidelines provided by the Interagency Advisory Committee on Water Data (1982) in Bulletin 17B. The October 2016 peak streamflows were included in the PEAKFQ analyses per guidance provided in USGS Office of Surface Water Technical Memorandum 2013.01 (Mason, 2012) .
The updated at-site flood-frequency discharges, computed using PEAKFQ, were weighted with the regression equation estimates from Weaver and others (2009) for the streamgages with no regulation or urbanization. The at-site flood-frequency discharges for the streamgages with urbanization were weighted with the regression equations from Feaster and others (2014) . The weighting method used is outlined in Bulletin 17B (Interagency Advisory Committee on Water Data, 1982, appendix 8). The weighted discharge estimates were then used to determine the AEP associated with the October 2016 peak streamflow.
Estimated Magnitudes and Flood Exceedance Probabilities of Peak Streamflows
Peak gage-height data, peak streamflow data, and the corresponding AEPs (in percent) determined from the October 2016 flood for the 24 USGS streamgages that record annual peak streamflow in the areas in and near where flood-inundation maps were created are presented in table 3. If a streamgage is located within an area delineated by a flood-inundation map of a mapped community, then the map name and figure number associated with the streamgage is listed in table 3. Streamgage locations are shown in figure 2 , and streamgages at mapped communities are also shown on respective flood-inundation maps. The estimated AEP for the October 2016 flood for each streamgage was determined using log-linear interpolation of the weighted discharge estimates following equation 1 in USGS Office of Surface Water Technical Memorandum 2013.01 (Mason, 2012) . The estimated AEP provides a reasonably accurate estimate of the flood magnitude; however, uncertainty in this estimate can increase when a specific AEP is assigned to an observed flood. To show the uncertainty range, the AEP estimate is bracketed by a 90-percent confidence interval that is likely to include the true AEP. The data listed in table 3 currently (March 2017) are considered provisional until final approval of the data. New gage-height records were set at 14 of the 24 USGS streamgages listed in table 3. The flood-frequency statistics computed for this study are presented in table 4, which includes the length of the historical period for the streamgages that included historical flood information. The weighted flood-frequency statistics in table 4 were used to determine the AEP (in percent) associated with the October 2016 flood peaks in table 3. Determined using AEP estimates that were computed using PEAKFQ and weighted with regional regression equation estimates from Weaver and others (2009).
f Determined using AEP estimates that were computed using PEAKFQ and weighted with regional regression equation estimates from Feaster and others (2014) . 
Lumber River at Fair Bluff
The extent of the inundation map around Fair Bluff is a 3.5-mi reach of the Lumber River along the Robeson and Columbus County line. A total of six USGS HWMs were documented and surveyed along the Lumber River, and five were used to create the inundation map. Water-surface elevations at the HWMs ranged from 65.1 ft at NCCOL18749 to 67.8 ft at NCCOL18768. Five cross sections were created and used to generate a flood-elevation surface. Because the Lumber River flood plain is approximately 3.5 mi wide and all of the HWMs are located on one side of the river, the inundation map does not extend to the far edge of the flood plain. The aerial extent of flood inundation for this location is shown in figure 5 . 
Neuse River at Smithfield
The Neuse River generally flows southeast through central and eastern North Carolina. The extent of the inundation map around Smithfield in Johnston County is a 4.8-mi reach of the Neuse River, a 2.6-mi reach of Swift Creek, and a 2.4-mi reach of Middle Creek. Additionally, a 2.6-mi section of Holts Lake on Black Creek south of Smithfield was mapped. A total of 10 USGS HWMs were documentedseven on the Neuse River, one on Swift Creek, one on Middle Creek, and one on Holts Lake. Water-surface elevations at the HWMs ranged from 122.9 ft at NCJOH18782 to 128.5 ft on the Neuse River at NCJOH18797. The peak HWM on Swift Creek was 127.2 ft at NCJOH18798, and the peak HWM Geodetic Survey, 2017) . This elevation was also used in the creation of the inundation map. Because the streamgage is stage only, flood-frequency computations could not be made at this location, and, therefore, the streamgage is not included in figures 2 and 3, and tables 3 and 4. Ten cross sections were used along the Neuse River, Swift Creek, and Middle Creek to generate the flood-elevation surface. In the area around Holts Lake, a constant surface of 122.3 ft, which was based on the HWM NCJOH18800, was used to determine the flood extent. Precipitation ranged from about 4.1 to 14.7 inches in the Neuse River Basin during October 7-9 ( fig. 3 ). The aerial extent of flood inundation for this location is shown in figure 6 .
Neuse River near Goldsboro
The Neuse River generally flows east through Goldsboro in Wayne County, and the Little River and Stoney Creek flow south into the Neuse River near Goldsboro. The extent of the inundation map around Goldsboro is a 20.8-mi reach of the Neuse River, an 11.8-mi reach of the Little River, and a 6.3-mi reach of Stoney Creek. A total of 22 USGS HWMs were documented and surveyed, and 20 were used to create the inundation map. Water-surface elevations at the HWMs on the Neuse River ranged from 69.2 ft at NCWAY18794 to 76.5 ft at NCWAY18756. The water-surface elevation on the Little River was 91.2 ft at NCWAY18783 and on Stoney Creek was 95.0 at NCWAY18790. Elevation data from the USGS streamgaging station Neuse River near Goldsboro, NC (02089000), were also used in the creation of the inundation map. The streamgaging station recorded a peak flow of 54,300 ft 3 /s, a peak stage of 29.74 ft gage datum, and a water-surface elevation of 72.69 ft NGVD 29 on October 12, 2016. The water-surface elevation was converted to 71.67 ft NAVD 88 using VERTCON (National Geodetic Survey, 2017). Seventeen cross sections were create-eight on the Neuse River, four on the Little River, and five on Stoney Creek-to generate the flood-elevation surface. The aerial extent of flood inundation for this location is shown in figure 7 . 
Neuse River at Kinston
The extent of the inundation map around Kinston in Lenoir County is a 9.3-mi reach of the Neuse River and a 5.0-mi reach of Southwest Creek. A total of 21 NCEM HWMs were documented and surveyed along the Neuse River and Southwest Creek, and 10 were used to create the inundation map. The elevation of water at the HWMs ranged from 32.9 ft at HWM 6 to 46.0 ft at HWM 8. Elevation data from the USGS streamgaging station Neuse River at Kinston, NC (02089500), were also used in the creation of the inundation map. The streamgaging station recorded a peak flow of 38,200 ft 3 /s, a peak stage of 28.31 ft gage datum, and a watersurface elevation of 39.21 ft NGVD 29 on October 14, 2016. The water-surface elevation was converted to 38.05 ft NAVD 88 using VERTCON (National Geodetic Survey, 2017). Eight cross sections were created-six on the Neuse River and two on Southwest Creek-to generate the flood-elevation surface. The aerial extent of flood inundation for this location is shown in figure 8 . 
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Rockfish Creek at Hope Mills
Little Rockfish Creek and Rockfish Creek flow east to the Cape Fear River in southeast North Carolina. The extent of the inundation map is a 3.2-mi reach of Little Rockfish Creek and a 1.5-mi reach of Rockfish Creek through Hope Mills in Cumberland County. A total of nine HWMs were documented and surveyed along the Little Rockfish Creek and Rockfish Creek, and seven were used to create the inundation map. Water-surface elevations at the HWMs ranged from 100.7 ft at NCCUM18714 on Rockfish Creek to 111.3 ft at NCCUM18726 on Little Rockfish Creek. Seven cross sections were created-three on Rockfish Creek and four on Little Rockfish Creek-to generate the flood-elevation surface. Precipitation ranged from about 6.9 to 13.8 inches in the Rockfish Creek Basin during October 7-9 ( fig. 3) . The aerial extent of flood inundation for this location is shown in figure 9 . 
Tar River at Princeville
The Tar River generally flows southeast through central and eastern North Carolina. The Tar River flows between the towns of Tarboro, to the northwest, and Princeville, to the southeast. A levee is located along the Princeville side of the Tar River. A total of 12 HWMs used to create the inundation map were documented and surveyed by the North Carolina Geodetic Survey (NCGS) in the vicinity of the Tar River on the town side of the levee within the town of Princeville during May 2017. The U.S. Army Corps of Engineers (USACE) had previously identified HWMs, which were surveyed by NCEM along the Tar River and around Prince-ville; however, it was subsequently determined that these marks did not represent peak water elevations. These water marks were used to monitor the differences in water elevation on either side of the levee during the flood (Wesley Brown, U.S. Army Corps of Engineers, written commun., April 4, 2017). Additional water marks were documented by the USACE but were not surveyed. Water-surface elevations at the NCGS-surveyed HWMs ranged from 44.27 ft at water marks FD 1 and RR 1 to 44.57 ft at water mark SS 1 over a reach of 2.1 miles. Elevation data from the USGS streamgaging station Tar River at Tarboro, NC (02083500), recorded a peak flow of 42,500 ft 3 /s, a peak stage of 36.29 ft gage datum, and a water-surface elevation of 45.61 ft on October 12, 2016. Precipitation ranged from about 14.4 to 13.2 inches in the Tar River Basin during October 7-9 ( fig. 3) . The aerial extent of flood inundation within Princeville is shown in figure 10 . 
Summary
In October 2016, rainfall from Hurricane Matthew caused flooding on numerous streams and rivers in central and eastern North Carolina. Rainfall totals of 3 inches to more than 15 inches were widespread throughout the area. More than 600 roads were closed, and nearly 99,000 structures were affected by floodwaters. The U.S. Geological Survey (USGS) documented 267 high-water marks (HWM) during the period October 9-24, 2016. Of these, 254 HWMs were surveyed to elevation above the North American Vertical Datum of 1988. In addition, North Carolina Emergency Management identified and surveyed 353 HWMs, and the North Carolina Geodetic Survey identified and surveyed 12 HWMs in Princeville. The HWMs were used to create seven maps showing the areas of inundation in seven heavily flooded communities. Additionally, the depth of the water in the mapped inundated areas was calculated, and a water-depth raster was created. The flood-inundation maps, water-depth rasters, and mapping boundaries are available for download. Flood-peak gage heights, peak streamflows, and estimated annual exceedance probabilities were calculated for 24 USGS streamgages located within or near the areas that were mapped. Additional information, including a download portal for HWM information, is available from the USGS Hurricane Matthew web page (https://water.usgs.gov/floods/events/2016/matthew/, accessed November 29, 2016).
